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EXECUTIVE SUMMARY OF TASK 20 
 
The Task 20 project was prematurely closed by DOE on the basis of becoming critical 
data to the Yucca Mountain project.  Task 20 indeed delivered the first, published 
hydrothermal-ventilation model, MULTIFLUX V1.0 and V1.1 to BSC during 2001 to 
support the AMR Rev01 report.  The numerical model is designed to predict temperature 
and humidity distributions in and around the emplacement drifts and on the waste 
packages stored in a ventilated, high-level nuclear waste repository. 
 
The MULTIFLUX V2.0 numerical code was in an advanced phase of software 
qualification when the project was terminated.  BSC has since initiated a new software 
activity plan to complete the qualification of the software in compliance with QA 
requirements for the Yucca Mountain project.  Continuing, direct BSC support is being 
implemented to cooperate with BSC personnel in the software qualification of 
MULTIFLUX V2.3, a scaled-back version of V2.0.  The continuation project will 
support Mr. Davood Bahrami, the Graduate Research Assistant admitted to the Geo-
engineering Ph.D. program for ventilation modeling at the university.  
 
MULTIFLUX V2.0/V2.3 is a well-tested, mature ventilation software product, the result 
of more than 10 years of development using private company, university, faculty, as well 
as U.S. government support.  The software is capable of simulating heat and moisture 
distributions in a ventilated, complex, three-dimensional arrangement, with waste 
packages emplaced in a line-load or point-load configuration for implementing a cold 
repository.  MULTIFLUX V1.0 was first used by TRW in 1996-97 in thermal loading 
studies using ventilation, followed by applications in 1998-99 to study alternative, 
ventilated repository configurations.  Task 20 was approved for three years in 2000, to 
support with MULTIFLUX the Subsurface Design group at M&O, and from 2001, the 
EBS Modeling group working on the AMR Rev01 report.  MULTIFLUX V1.1 was used 
by BSC in benchmarking comparisons with ANSYS in 2001.  The overall conclusions 
were very positive: MULTIFLUX compared excellently with ANSYS in comparable 
cases, whereas MULTIFLUX outperformed ANSYS being a hydrothermal (and not a 
dry-rock-only) code.   
 
In the recent draft AMR Rev01 report, MULTIFLUX V1.1 was configured with a 
conduction-only rockmass model and averaged line heat load along the waste packages.  
In this exercise, MULTIFLUX agreed with ANSYS almost perfectly, according to the 
draft BSC report.  While this agreement approves MULTIFLUX for simplified model 
configurations, it does not approve ANSYS for point-load and other, real-life 
applications.  Specifically, MULTIFLUX is capable of modeling and calculating three-
dimensional heat and moisture flow problems.  In contrast, the ANSYS ventilation code 
and model used also in the AMR Rev01 report by BSC can only handle two-dimensional, 
dry, conduction-only rock heat flow cases.  The application of the ANSYS ventilation 
model requires serious simplifications and assumptions that have been the subject of 
technical debates.  The ANSYS ventilation model does not agree very well with the 
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Phase 1 ventilation measurement results obtained at BSC’s ATLAS facility.  The ANSYS 
model can handle only line heat load, assuming that the waste packages are uniform heat 
sources and laid in a row with no gap between them.  This simplification may not be 
acceptable in future design considerations with variable waste package heat load, and 
large emplacement gaps between the packages for achieving a low-temperature 
repository. 
 
Another conclusion of the MULTIFLUX benchmarking calculations against ANSYS last 
year was that MULTIFLUX was found to give more realistic calculation results than 
ANSYS when the effect of rock drying was included.  Originally, ANSYS was 
considered to be “conservative” against a hydrothermal model since dry heat conduction 
is known to be less effective than conduction plus evaporation plus convective 
moisture/vapor transport.  This assumption was found wrong during the MULTIFLUX 
vs. ANSYS comparisons.  If realistic, moist rock and invert properties are applied in the 
NUFT input deck used by MULTIFLUX, the waste package, rock, and air temperature 
results are generally higher than those from ANSYS due to rock drying caused by 
ventilation and the resultant decrease in the rock conductivity in the surrounding drift 
wall.  It is impossible to incorporate this effect correctly in the ANSYS ventilation model.  
Because of the conflicting effects, it is not possible to determine whether or not a 
simplified ANSYS ventilation model under- or over-estimates temperatures for a given 
design.  However, MULTIFLUX can solve the problem correctly, as demonstrated in 
many test runs including those performed by BSC personnel.   
 
In conclusion, MULTIFLUX gives equivalent results to ANSYS in simple, hypothetical 
configurations, but it is also capable of modeling and calculating real-life three-
dimensional heat and moisture flow problems, such as those most likely to be involved in 
the thermal loading and ventilation design exercises at Yucca Mountain.  Several BSC 
project personnel have used MULTIFLUX for over a year.  Therefore, DOE shall be 
granted a paid-up, non-exclusive license to use MULTIFLUX V1.0/V1.1/V2.0/V2.3 for 
the Yucca Mountain project.   
 
Based on the foregoing, we recommend the completion of the software qualification of 
MULTIFLUX within the current fiscal year with the participation of the university Ph.D. 
student, an experienced modeler and software qualification tester.  Additional tests and 
comparisons are recommended with the ANSYS ventilation model against MULTIFLUX 
V2.3, especially considering wide-spaced waste package arrangements in low 
temperature design applications.  We recommend these tests to complement the line-load 
comparison cases in the recent AMR Rev01 report, which do not include point-type 
applications, the most likely scenarios in future Yucca Mountain design.  Based on the 
outcome of these parallel ANSYS and MULTIFLUX calculations regarding waste 
package, drift wall and air temperatures, computational efficiency, preparation and 
computational time, and resultant cost, we recommend to evaluate whether MULTIFLUX 
or the ANSYS ventilation calculation serves better BSC interests in the thermal design 
for license application.   
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INTRODUCTION 
 
MULTIFLUX is developed for coupled ventilation and hydrothermal calculations in a 
ventilated subsurface opening, such as a high-level nuclear waste repository.  
MULTIFLUX is composed of three main software modules to calculate temperature, T, 
partial vapor pressure related to relative humidity, P, heat flow, qh, and moisture flow, qm, 
distributions in an airway, constructed in a geologic rock formation.  The three modules 
are: (1) the CFD airway module in the form of linked, lumped-parameter Computational 
Fluid Dynamic (CFD) solvers for heat, and moisture flows; (2) the NTCF hydrothermal 
simulation processor module in the form of an inventive Numerical Transport Code 
Functionalization (NTCF) solver that pre- and post-processes the computational results of 
a NUFT3.0s to model the rockmass around the drift; and (3) the DISAC coupler module 
that balances the results of the CFD and NTCF modules in the form of the Direct 
Iteration and Successive Approximation Coupling (DISAC). 
 
The three modules are inter-connected through shared data files specifying T–P–qh–qm 
parameters on the common boundary, that is, on the drift wall.  Modules (1) and (2) can 
be used independently as stand-alone software elements.  The coupler module (3) is the 
conjugate solver of the T–P–qh–qm parameters on the drift wall.  The MULTIFLUX 
modules can be tested independently from each other.  Since module (2) uses NUFT3.0s, 
a baselined software, the final drift wall temperature, humidity, heat, and moisture flow 
distribution results can be tested outside of MULTIFLUX against a qualified code.  In 
this respect, MULTIFLUX is similar to the ANSYS ventilation model that uses ANSYS, 
a qualified code, to balance the (dry) heat flow in the rockmass in short drift sections, 
while the air warm-up along the consecutive sections is calculated outside of ANSYS in a 
spreadsheet.  
 
The CFD Module of  MULTIFLUX can be configured to model end-to-end, as well as  
sparsely spaced waste package arrangements.  The NTCF Module can use two-, or three-
dimensional NUFT3.0s configurations in the rockmass model.  These features may be 
necessary to support future ventilation design calculations with wide-spaced waste 
packages in a cold repository.  MULTIFLUX is a complete ventilation simulation 
software that, unlike the ANSYS-based ventilation model, does not require section-by-
section spreadsheet calculations.  The number of NUFT3.0s runs is greatly reduced in 
MULTIFLUX during balancing iterations due to an inventive computational technique 
used in the NTCF module.  This technique makes the MULTIFLUX calculations 
efficient, reducing the complete calculation time of temperature and humidity 
distributions to a few days for a complete emplacement drift.   
 
In sum, MULTIFLUX supports advanced model configurations for point waste package 
heat loads for low-temperature applications.  It is a complete ventilation model and does 
not require intermediate spreadsheet calculations between consecutive drift segments 
unlike the ANSYS-based ventilation model.  MULTIFLUX uses NUFT3.0s, a qualified 
code, without modification.  A spreadsheet balance check can be performed to verify the 
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calculation of each drift section in MULTIFLUX against NUFT3.0s.  However, to date, 
MULTIFLUX has not completed the qualification process and may not be used for 
quality-affecting work. 
 
GENERAL PROJECT INFORMATION 
 
Reason for closing Task 20 
 
A stop work notification effective December 31, 2001 was received from DOE on 
December 6 2001.  Explanation for the closure of Task 20 was given by the DOE 
Contract Officer stating that the scope of work for Task 20 became critical to the YM 
project, and since it was within BSC’s scope, a recommendation was made to BSC to 
support the university task directly. 
 
Status of Task 20 at the time of closure 
 
Two technical meetings were held, one on October 10, 2001, and another on November 
13,2001, to adjust delivery schedules to project needs.  The Scientific Investigation Plan 
(SIP) of Task 20 was agreed to be modified but the closure of the project aborted formal 
completion of this effort.  The dates of due deliveries reported below reflect the modified 
schedule. 
 
Excerpt from the Scientific Investigation Plan of Task 20, relevant to due deliveries  
 
1.(2.3.1) Configuration and Documentation of the A-TOUGH Ventilation Model  
 
Prepare an input deck for A-TOUGH to model the 15 m³/s ANSYS case from the 
Ventilation Model AMR Rev. 00 using information provided by BSC.  This task will be 
to prepare the input deck only, but not to run the analysis.  The analysis results produced 
under Subtask 2.3.2 using this model will be used as corroborative information.  The 
results will provide information for BSC to compare with ANSYS and MULTIFLUX 
results. The input deck will be supplied to DOE by 10/31/01. 
Task definition: Subcontractor  (MET) for UNR completes the A-TOUGH model 
adjustment to current YMP input data used for the YMP conceptual 
hydrothermal/ventilation studies. 
Schedule: 02/01/01- 12/31/01 
 
2.(2.3.2) Comparative Analysis of Ventilation Scenarios Using MULTIFLUX and 
A-TOUGH 
 
(2.3.2.1) Exercise the A-TOUGH model prepared in Subtask 2.3.1 and provide 
analysis results to DOE by 01/31/02 
 
3.(2.3.4) MULTIFLUX User’s Interface  
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Task definition: A user’s interface will be developed for “ease of operation” of 
MULTIFLUX with concurrence by the owner.   
Schedule: 10/01/00- 10/31/01 
 
4.(2.3.5) CP1 Documentation for MULTIFLUX V 2.0 
 
This subtask was originally to allow MULTIFLUX to perform calculations similar to the 
multi-scale TH analysis performed by NUFT, but with ventilation flow included.  The 
multi-scale capability has not been fully developed in MULTIFLUX V2.0 with “easy-to-
use” user’s interface.  
Instead, additional efforts have been made to develop a (wall-function) CFD sub-module 
to augment the original, lumped-parameter CFD Module of MULTIFLUX.  This new 
differential-parameter CFD sub-module is being used as an internal function utilized by 
the lumped parameter CFD module of the code. 
Task definition: Augment the constant convection coefficient CFD module with a 
differential (wall function) CFD module.  Prepare all CP1 documentation for 
MULTIFLUX V2.0 including both CFD options by 10/31/01.  Software development 
including (1) Software Activity Plan, (2) Software Requirement Document, (3) Software 
Installation Test Plan, (4) Design Document, and (5) Software Validation Test Plan will 
be conducted by UNR in accordance with QAP-3.2 for MULTIFLUX V2.0 software for 
multiscale ventilation analysis.   
Schedule: 05/24/01- 11/30/01 
 
 
ACCOMPLISHMENTS OF TASK 20 
 
1. Configuration and Documentation of the A-TOUGH Ventilation Model 
 
This task was completed by MET, the subcontractor to Task 20.  The draft Subcontract 
Technical Report includes a brief configuration description and documentation of the A-
TOUGH ventilation model. 
 
2. Comparative Analysis of Ventilation Scenarios Using MULTIFLUX and A-TOUGH 
 
The MULTIFLUX calculations with the AMR ventilation configuration were performed 
by BSC, with direct support from Task 20 as given below: 
  
(a) Task 20 has provided the MULTIFLUX V1.1 code to BSC for test runs related to 
AMR Rev.01. 
(b) Task 20 has provided the basic user’s model configuration data files to BSC for the 
AMR Rev.01 task.  Test runs at the university with MULTIFLUX were made to 
check completeness of the model configuration data files and the convergence of the 
iterations.   
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(c) BSC reported back results, and compared results with their previous, ANSYS-based 
ventilation model. 
(d) BSC has refined the user input data in the model configurations to minimize model 
differences between MULTIFLUX and ANSYS. 
(e) Task 20 has upgraded elements of MULTIFLUX V1.1 with V2.0 (compatible) 
modules to improve the efficiency of the software and spare BSC computer run time. 
(f) Task 20 has configured a few test cases (included in the V2.0 software QA Validation 
Test Plan) and provided the configuration to BSC for test runs. 
(g) BSC shared the test results of Point f with Task 20 personnel at the university. 
 
A workshop at the University of Nevada, Reno, was held on Nov. 30, 2001 during which 
Dr. James Blink and three BSC scientists, Drs. Hang Yang, Yunghun Leem, and Veraun 
Chipman, discussed their results with us regarding the use of MULTIFLUX V1.1 and its 
benchmarking comparisons with ANSYS.  The overall conclusions were very positive:  
MULTIFLUX compared excellently with ANSYS in comparable cases, whereas 
MULTIFLUX naturally outperformed ANSYS being a hyrothermal (and not a dry-rock-
only) code.  Two papers were published during the Task 20 project; copies of these 
papers are attached to this report.  
 
The draft Subcontract Technical Report has A-TOUGH calculation results but only for 
two short, 0.5 and 1.5 m-long drift sections.  These results cannot be conclusively used 
for comparison.  Once the full data set is received for a 600 m drift from the 
Subcontractor, the comparison with MULTIFLUX results will be re-visited. 
 
3. MULTIFLUX User’s Interface  
 
The development of the user’s interface for model configuration for MULTIFLUX has 
been completed.  The definition and the design of the user’s interface are included in the 
Software Requirement and Software Design Document of MULTIFLUX V2.0.  These 
documents are attached to this report.  The user’s interface has been built into the 
software code, submitted to the Yucca Mountain Record Center. 
 
4. CP1 Documentation for MULTIFLUX V 2.0 
 
The complete draft CP1 documentation were completed and prepared for ITSMA review 
including: (1) Software Activity Plan, (2) Software Requirement Document, (3) Software 
Installation Test Plan, (4) Design Document, and (5) Software Validation Test Plan.  The 
draft of these documents are attached to this report.  Most of the validation test cases 
have been pre-tested and ran in order to debug the numerical code during development. 
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DISCUSSION AND CONCLUSIONS OF TASK 20 
 
In spite of the premature closure of the task, useful results have been obtained from Task 
20: the MULTIFLUX V1.1 software has been benchmarked against ANSYS and 
compared excellently in a simple model configuration case defined by the limited 
capabilities of the ANSYS ventilation model. 
 
MULTIFLUX V2.3, a scaled-back version of V2.0, has been coded and completed.  It is 
upward compatible with the V1.1 basic version that has no user’s interface.  The draft 
CP1 documentation of V2.0 can supply the basis to prepare the CP1 documentation for 
the V2.3 version. 
 
MULTIFLUX gives equivalent results to ANSYS in simple configurations, but it is also 
capable of modeling and calculating three-dimensional heat and moisture flow problems, 
such as those most likely to be involved in the future thermal loading and ventilation 
design exercises at Yucca Mountain.  In contrast, the ANSYS ventilation code and model 
can only handle two-dimensional line heat load and dry, conduction-only rock heat flow 
cases.  The application of the ANSYS ventilation model requires serious simplifications 
and assumptions that have been the subject of technical debates.  These simplifications 
may not be acceptable in future design considerations with variable waste package heat 
load and large emplacement gaps between the packages.   
 
Variable heat load due to variable heat dissipation of the different types of waste 
packages significantly affects drift wall and waste package temperatures along the 
emplacement drift.  This effect was studied with MULTIFLUX V2.0 (Danko, Shah, and 
Bahrami, 2002), using the AMR Rev01 input data except for the local heat load, that was 
not line-averaged, over the eight different waste packages.  The drift wall temperature 
variation for a 600 m emplacement section from MULTIFLUX is shown in Figure 1 for 
10 m3/s airflow.  As depicted, the three-dimensional image of the drift wall temperature is 
rugged, even for this end-to-end waste package arrangement.  More significant 
temperature variation is found along the line of waste packages shown in Fig. 2.  The 
ANSYS-based ventilation model gives smooth wall temperature change due to its 
limitation to line-averaging of the variable heat load.  Figure 3 is a comparison between 
the MULTIFLUX and the ANSYS-equivalent models for the last eight waste packages 
over the last 35.5 m section of a 600 m-long emplacement drift.  As depicted, the 
averaged, line-load model under-estimates the maximum drift wall temperature by about 
10% when compared to the variable heat load model.  This already significant difference 
is expected to further increase for point-load emplacement cases where the gaps between 
the waste packages are large.  Point load cases were not addressed in the AMR Rev 01 
study.  However, MULTIFLUX was used in point load ventilation studies without any 
difficulty to support alternative repository options in 1998-1999.  The temperature 
variations between the cold and hot spots on the drift wall reached 20% for a ventilated 
case using 10 m3/s airflow ( MULTIFLUX Draft Control Point 2 Document, 1999) 
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Another conclusion of the MULTIFLUX benchmarking calculations against ANSYS last 
year was that MULTIFLUX was found to give higher temperature results than ANSYS 
when the effect of rock drying was included.  Originally, ANSYS was considered to be 
“conservative” against a hydrothermal model since dry heat conduction is known to be 
less effective than conduction plus evaporation plus convective moisture/vapor transport.  
This assumption was found wrong during the MULTIFLUX vs. ANSYS comparisons.  If 
realistic, moist rock, and invert material parameters are applied in the NUFT input deck 
used by MULTIFLUX, the waste package, rock, and air temperature results are generally 
higher than those from ANSYS due to rock drying caused by ventilation and the resultant 
decrease in the rock conductivity in the surrounding drift wall.  This effect is impossible 
to incorporate correctly in the ANSYS ventilation model.  Two factors (heat load 
variation and conductivity decrease) seem to increase, and one factor (latent heat 
removal) decrease predicted temperatures.  Because of the conflicting effects, it is not 
possible to determine whether or not a simplified ANSYS ventilation model under- or 
over-estimates temperatures for a given design.  However, MULTIFLUX has already 
solved the problem correctly in many test runs including those performed by BSC 
personnel.   
 
 
Figure 1.  Drift wall temperature variation along a 600 m emplacement section during 
300 years of ventilation with 10 m3/s airflow, according to MULTIFLUX. 
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Figure 2. Temperature variation along the line of waste packages for a 600 m 
emplacement section during 300 years of ventilation with 10 m3/s airflow, according to 
MULTIFLUX. 
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Figure 3. Comparison of drift wall temperatures between the MULTIFLUX and the 
ANSYS-equivalent ventilation model results along the last 35.5 m drift section (with 
eighth waste packages), at year 5 after emplacement. 
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RECOMMENDATIONS 
 
We recommend the completion of the software qualification of MULTIFLUX within the 
current fiscal year with the participation of the university Ph.D. student, Mr. Davood 
Bahrami, an experienced modeler and software qualification tester.  He is completely 
familiar with MULTIFLUX.   
 
Additional tests and comparisons are recommended with the ANSYS ventilation model 
against MULTIFLUX V2.3, especially considering wide-spaced waste package 
arrangements in low temperature design applications.  We recommend these tests to 
complement the line-load comparison cases in the recent AMR Rev01 report, which does 
not include point-type applications, the most likely scenarios in future Yucca Mountain 
design.   
 
We recommend considering extending Mr. Bahrami’s graduate study support for another 
year in 2003 to perform parallel MULTIFLUX ventilation calculations with those 
currently planned with ANSYS under BSC management.  His continuation would be a 
cost-effective complement to ventilation and thermal loading calculations at BSC with 
bounding checks of ANSYS results with MULTIFLUX. 
 
Based on the outcome of the ANSYS and MULTIFLUX calculations regarding waste 
package, drift wall and air temperatures, computational efficiency, preparation and 
computational time, and resultant cost, we recommend to evaluate whether MULTIFLUX 
or the ANSYS ventilation calculation serves better BSC interests in the thermal design 
for license application.   
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APPENDIX 1: Ventilation Analysis of a Cold Conceptual Repository Using MULTIFLUX With 
NUFT 
 
VENTILATION ANALYSIS OF A COLD CONCEPTUAL REPOSITORY USING 
MULTIFLUX WITH NUFT 
 
G. Danko, D. Bahrami, and A. Adu-Acheampong 
Mackay School of Mines 
University of Nevada, Reno 
Reno, NV 89557 
(775) 784 4284 
 
 
Introduction 
 
The purpose of the calculations is to support site 
characterization regarding expected temperature and 
humidity variations at Yucca Mountain (YM) with respect 
to a hypothetical, conceptual high-level nuclear waste 
repository with ventilation.  Specifically, hydrothermal-
ventilation analyses are made using MULTIFLUX 1.01 
with embedded NUFT 3.0 for the calculation of complete 
temperature and relative humidity variations for three 
hundred years along the length of a selected drift at the 
center of the conceptual repository.   
 
The input parameters for the calculation are specified by 
the YM Subsurface Facility Design Department to be 
identical to those used in another, ANSYS-based 
ventilation model that employs a dry, conduction-only rock 
model for YM.  Since the heat and water movements 
caused by ventilation affect the YM barriers and are inputs 
to the EBS Water Distribution and Removal Process model, 
the application of a more realistic, hydrothermal-ventilation 
model is justified.  A summary of the basic input 
parameters used in the present study is as follows: 
 
Rock input data: NUFT3.0 input deck specified in the 
Multiscale Thermohydrologic Model2 
(MSTHM).  The spatial rock domain is 
represented by 17 NUFT chimneys, 
shown in Figure 1. 
Drift dimensions: 600 m long, 5.5 m in diameter, according 
to MSTHM. 
Ventilating air: 10 m3/s at 25oC intake temperature with 
30% relative humidity 
Waste packages: Eight Waste Packages (WP) in a 
repeating drift segment of 35.5 m 
according to MSTHM.  
The arrangement is shown in Figure 2. 
Average load: 56 MTU/acre 
 
The MULTIFLUX ventilation model 
 
MULTIFLUX is a coupled hydrothermal - ventilation 
numerical simulation program package designed to 
calculate time-dependent heat, moisture, and ventilation air 
fluxes in and/or around a subsurface opening.  
MULTIFLUX comprises three independent, stand-alone 
model elements which are solved simultaneously based on 
a new coupling method, called Numerical Transport Code 
Functionalization, (NTCF) developed at the University of  
Nevada, Reno.   
 
The first stand-alone model-element is the functionalized 
rockmass model (NTCF-NUFT). This model-element is 
based on the application of Non-isothermal Unsaturated-
Saturated Flow and Transport (NUFT), a hydrologic, 
hydrothermal and a scalar pollutant transport code 
developed at Lawrence Livermore National Laboratory 
(LLNL).  The NTCF part of MULTIFLUX evaluate 
responses calculated by NUFT to changes in the 
temperature and partial pressure of vapor at the drift wall, 
and organizes the responses into transfer matrices.  
 
The second stand-alone model-element is the drift (or 
airway) model that includes the nuclear waste packages, 
using Computational Fluid Dynamics (CFD) heat and mass 
transport solvers.  MULTIFLUX is supplied with two 
simplified CFD components, one for heat and one for 
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moisture, based on network models specifically developed 
for nuclear waste repository ventilation calculations.   
 
The third stand-alone model-element is the coupler between 
the NTCF-NUFT and the two CFDs.  The coupler balances 
the transport processes within the drift to those in the rock 
mass. 
  
RESULTS AND DISCUSSION 
 
The drift wall surface temperature, the relative humidity, as 
well as the waste package surface temperature along the 
drift and with respect to time are shown in Figures 3, 4 and 
5.  As shown in Figure 3, the drift wall temperature remains 
below-boiling during the entire period of ventilation. The 
arithmetic average of the varying drift wall temperature 
over the last 35.5 m segment is 89.4 oC in year 5, which is 
in a very good agreement with the value of 89 oC from the 
ANSYS model applied to the same heat load conditions3.  
The relative humidity, shown in Figure 4, decreases with 
length but increases with time and remains well below the 
value of the intake air of 30%.  The waste package 
temperature variation with drift length and time shown in 
Figure 5, is similar to that of the drift wall but runs 
proportionally higher with a maximum difference of less 
than 20oC.   
 
In order to assess the long-term effect of ventilation, 
the heat removed by ventilation is compared to the total 
heat generation by the waste.  Various ratios are calculated 
to characterize the efficiency of the cooling effect of 
ventilation.  A summary of these ratios are given in Tables 
1 a and b. 
 
Table 1.a. Heat Table  
Time a b c d e f g 
[year] [W] [%] [%] [%] 1e15xJ 1e15xJ [%] 
0.2 5.74E+05 65.80 0.38 0.12 0.003 0.003 1.77 
0.5 6.27E+05 72.84 1.21 0.38 0.010 0.009 2.22 
1 6.48E+05 76.77 2.50 0.79 0.020 0.018 2.78 
2 6.58E+05 80.28 5.12 1.62 0.041 0.037 3.11 
5 6.49E+05 83.60 12.86 4.07 0.102 0.093 2.84 
10 6.07E+05 85.59 24.93 7.90 0.198 0.180 2.41 
15 5.58E+05 86.91 36.02 11.41 0.286 0.261 2.19 
20 5.14E+05 87.77 46.23 14.65 0.367 0.336 2.06 
25 4.74E+05 88.49 55.67 17.64 0.442 0.406 1.98 
30 4.39E+05 89.11 64.39 20.41 0.511 0.471 1.92 
35 4.07E+05 89.65 72.49 22.97 0.575 0.531 1.88 
40 3.79E+05 90.20 80.02 25.36 0.635 0.587 1.86 
45 3.53E+05 90.67 87.05 27.59 0.691 0.640 1.84 
50 3.30E+05 91.13 93.61 29.67 0.743 0.690 1.84 
60 3.00E+05 91.59 105.55 33.45 0.838 0.780 1.84 
75 2.60E+05 92.47 121.03 38.36 0.960 0.899 1.86 
100 2.13E+05 93.40 142.19 45.06 1.128 1.061 1.93 
150 1.63E+05 94.83 174.63 55.34 1.386 1.312 2.12 
200 1.26E+05 95.87 199.69 63.28 1.585 1.507 2.31 
300 1.03E+05 96.51 240.48 76.21 1.908 1.826 2.65 
a. Instantaneous heat flux removed by air: qa(t). 
b. Heat flux removed by ventilation, qa(t), divided by the 
heat dissipation of all the waste packages, qw(t), at 
corresponding times: qa(t)/qw(t). 
c. The cumulative heat, Qa(t), (integrated qa(t) from zero 
to time t) removed by ventilation divided by the waste 
packages heat dissipation, Qw(50) (integrated for first 
50 years): Qa(t)/Qw(50). 
d. The cumulative heat, Qa(t), removed by ventilation 
divided by the waste packages heat dissipation, Qw(inf) 
(integrated from time zero to time infinite): 
Qa(t)/Qw(inf). 
e. Cumulative heat, Qa(t), removed by ventilation 
(sensible+latent) in 1015 Joules. 
f. Cumulative heat, Qapprox(t), removed by ventilation 
(sensible+latent), using approximate formula, 
Qv.cp.ρ.DT with dry cp, (heat capacity of air) only, in 
1015 Joules. Comparison of columns e and f gives a 
quick and approximate check on MULTIFLUX 
balancing (the balance is perfect within 10-12 when the 
specific heat, cp, correctly includes the moisture 
content). 
g. Latent heat component, Qal(t), of the cumulative heat, 
Qa(t), in percent: Qal(t)/Qa(t)*100. 
 
Table 1.b.  Moisture Table 
Time a b c 
[year] [kg/sec] [kg] [kg] 
0.2 4.34E-03 2.28E+04 2.28E+04 
1 6.54E-03 9.16E+04 9.16E+04 
1 9.23E-03 2.37E+05 2.37E+05 
2 9.72E-03 5.44E+05 5.44E+05 
5 7.40E-03 1.24E+06 1.24E+06 
10 5.06E-03 2.04E+06 2.04E+06 
15 4.03E-03 2.68E+06 2.68E+06 
20 3.48E-03 3.23E+06 3.23E+06 
25 3.14E-03 3.72E+06 3.72E+06 
30 2.90E-03 4.18E+06 4.18E+06 
35 2.73E-03 4.61E+06 4.61E+06 
40 2.58E-03 5.02E+06 5.02E+06 
45 2.46E-03 5.41E+06 5.41E+06 
50 2.38E-03 5.78E+06 5.78E+06 
60 2.30E-03 6.51E+06 6.51E+06 
75 2.19E-03 7.55E+06 7.55E+06 
100 2.08E-03 9.19E+06 9.19E+06 
150 1.96E-03 1.23E+07 1.23E+07 
200 1.90E-03 1.53E+07 1.53E+07 
300 1.83E-03 2.11E+07 2.11E+07 
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a. Moisture flux, qm(t), removed by ventilation 
(calculated from the rock side). 
b. Cumulative (integrated qm(t) over time zero to t) 
moisture, Qm(t) removed by ventilation (calculated from 
the rock side). 
c. Cumulative moisture removed by air, calculated by 
MULTIFLUX from the air side. 
 
CONCLUSIONS 
 
As shown in Table 1.a, column b, the portion of the 
instantaneous waste heat flux removed by ventilation is 
greater than 70% from year 0.5.  Therefore, the 
performance goal of 70% waste heat flux removal by 
ventilation can be met using any length of ventilation time 
above half a year.  Column c of Table 1.a shows that if the 
performance goal is to remove at least 70% of the 
integrated waste heat over a 50-year time period, then only 
a period of 35 years of ventilation is needed. For a 50 year 
ventilation, the ANSYS model3 predicts 68 % total heat 
removal ratio by ventilation, while MULTIFLUX gives a 
much higher, 93.61% ratio. 
The under-estimation in the heat removal but agreement in 
the drift wall temperatures together imply that in the 
ANSYS ventilation model, the portion of heat flow (by 
either or both convection and radiation) from the WPs to 
the drift wall is somewhat lower than that in the 
MULTIFLUX model.  Therefore, the differences in the 
results may be attributed to the differences in the heat 
transport within the drift, and not in the surrounding rock.  
This argument is further supported by examining the 
moisture and related latent heat removal that are present in 
the MULTIFLUX and absent in the ANSYS model.  As 
shown in Table 1.a, column g, the latent heat component 
calculated from the moisture evaporated (given in Table 
1.b, column a) remains lower than 3% of the total heat 
removed by ventilation.  Thus, the heat removal by 
evaporation is not seen to be a significant component; and 
other reasons may be needed to explain the discrepancy 
between ANSYS and MULTIFLUX results.   
 
The ventilation tests at the DOE’s ATLAS facility may 
provide a significant proving ground for the ventilation 
models regarding the most important heat and moisture 
transport model elements used in the codes.  
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Figure 1.  The rock domain with a central and two 
neighboring drifts, and one NUFT chimney (out of 17) 
along the central drift. 
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Figure 2. Eight Waste Packages in a repeating drift segment of 35.5 m. 
 
 
 
 
Figure 3.  Drift wall surface temperature distribution. 
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Figure 4.  Drift wall surface relative humidity distribution. 
 
 
Figure 5.  Waste Packages temperature distribution. 
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APPENDIX 2: THE APPLICATION OF CFD TO VENTILATION CALCULATIONS AT 
YUCCA MOUNTAIN 
 
THE APPLICATION OF CFD TO VENTILATION CALCULATIONS 
AT YUCCA MOUNTAIN 
 
G. Danko, and D. Bahrami, Mackay School of Mines 
University of Nevada, Reno 
Reno, NV 89557, (775) 784 4284 
 
ABSTRACT 
 
This paper presents the results of the application of CFD to ventilation calculations at Yucca Mountain 
using MULTIFLUX.  Seven cases were selected to study the effect of the heat transport coefficient on 
the drift wall temperature distribution.  It was concluded that variable heat transport coefficients such 
as those given by the differential–parameter CFD used in MULTIFLUX are considered the most 
appropriate approach of all cases presented.  This CFD model agrees well with FLUENT results and 
produces the lowest temperature results, which is favorable to ventilation performance. 
 
INTRODUCTION 
 
Hydrothermal-ventilation analyses are being conducted using MULTIFLUX 1.1 with embedded NUFT 
Version 3.0s [1] to predict temperature and relative humidity variations for three hundred years along 
the length of a selected drift at the center of the conceptual repository at Yucca Mountain (YM). 
 
The heat and water movements caused by ventilation affect the YM barriers and are inputs to the 
Engineered Barrier System (EBS) Process Model. 
 
MULTIFLUX is a coupled hydrothermal - ventilation numerical simulation software package designed 
to calculate time-dependent heat, moisture, and ventilation air fluxes in and/or around a subsurface 
opening. The drift (or airway) model-element includes the heat and mass transport between the nuclear 
waste packages, ventilating air, and the drift wall, using Computational Fluid Dynamics (CFD) heat 
and mass transport solvers.  MULTIFLUX includes two CFD components, one for heat and one for 
moisture transport calculation.  Significant sensitivity of the drift wall and waste package surface 
temperatures to the heat transport coefficients was found in a previous paper [2].  The aim of this paper 
is to study the relationship between the heat transport coefficient distribution on the emplacement drift 
and waste packages surfaces, and the temperature variations along the surfaces in the airflow direction. 
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THE MULTIFLUX VENTILATION MODEL 
 
The method of the present analysis is to conduct ventilation calculations with a differential parameter 
(eddy diffusivity) CFD model in MULTIFLUX to simulate computational heat transport coefficient 
distribution on the waste package and wall surfaces.  In addition, FLUENT [3] is used for comparison.  
Four computational cases (Cases I-IV) are selected to compare heat transport coefficient distributions 
for ventilation calculations.  The coefficients are dependent on the temperature variation of the surfaces 
in the thermally developing turbulent flow. For the comparison three additional cases (cases V through 
VII) are used with simplified heat transport models.  The summary of the basic input parameters used 
in the study is as follows: 
 
Rock input data: NUFT Version 3.0 input deck specified in the Multiscale Thermohydrologic 
Model [4] (MSTHM). 
Drift dimensions: 600 m long, 5.5 m in diameter, according to MSTHM. 
Ventilating air: 10 m³/s at 25oC intake temperature with 30% relative humidity. 
Waste packages: Eight WPs in a repeating drift segment of 35.5 m according to MSTHM; 17 
sections. 
Areal mass load: 56 MTU/acre. 
 
Computational Heat Transport Model Comparison 
 
The input parameters result in turbulent flow in the drift with Re = 112,940.  Other relevant input 
properties are as follows: 
Specific heat of fluid at constant pressure  cp = 1006.44 (J/kg·K) 
Prandtl Number Pr = 0.71 
Density ρ = 1.1665 (kg/m3) 
Thermal Conductivity k = 0.026487 (W/m·K) 
Kinematic Viscosity ν = 1.87×10-5 (kg/m·s) 
Pressure  p = 88720 (Pa) 
Fluid Mean Axial Velocity  um= 0.463652 (m/s) 
 
Physical Parameters: 
Inner Radius  ri = 0.835 (m) 
Outer Radius ro = 2.75 (m) 
Number of radial divisions between the WP & DW 60, non-equally spaced 
 
Length of a drift section: 
Case I and II 150 (m) 
Case III 35.5 (m) 
Case IV 17×35.5= 603.5 (m) 
 
Number of Sections: 
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Case I, II, III  1 
Case IV-VII 17 (603.5 m total length) 
 
Method and Domain for Case I and Case II: 
 
These two cases are used to compare results from (i) MULTIFLUX differential CFD, (ii) FLUENT, 
and (iii) experiments.  The boundary conditions for these cases are (i) inside wall is kept at constant 
temperature, outside wall is unheated, and (ii) outside wall is kept at constant temperature, inside wall 
is unheated. 
 
a) MULTIFLUX calculations 
 
Fig. 1 shows a drift section for the MULTIFLUX Differential Parameter CFD calculations.  The drift 
section is 150m long and has 50 segments of 3m each. There are 60 unequally spaced segments along 
the radius.  The flow is assumed to be fully developed hydraulically when entering the drift section.  
The eddy diffusivity and the velocity profiles are given in the dimensionless equations by Kays and 
Leung [5].  These eddy diffusivity and velocity profiles are input parameters in the energy equation for 
heat transport calculation in turbulent flow.  The energy equation, a second-order partial differential 
equation, is solved by MULTIFLUX to calculate the heat transport coefficient (h) for constant wall-
temperature boundary condition. 
 
b) FLUENT calculations  
 
The goal of the FLUENT calculation is to provide values for comparisons in studying convective heat 
transfer characteristics in turbulent flow in a concentric annular drift.  FLUENT 5.5 was used in the 
study. The computational domain for FLUENT is shown in Fig.1.b 
 
Temperature and heat flow distributions were calculated in a drift with a length of 300 meters of which 
an unheated leading section of 150 meters was used to allow velocity profile development under 
isothermal condition.  A step change in temperature was applied over the heated section.  A mesh grid 
was defined with 0.5 meter axial and 0.095 meter radial sizes. 
 
Case III: A Comparison Case  
 
This case is used to compare MULTIFLUX with FLUENT when both walls are heated using variable 
temperatures over the surfaces in the flow direction. 
 
a) MULTIFLUX calculations 
 
There is only one drift section included in this case, shown in Fig. 1.c. The length of the section is 
35.545m.  There are 21 segments along the axis that are variable in length, corresponding to half WP 
lengths and to the small gaps between the WPs.  There are 60 segments of variable length along the 
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radius.  The discretization of the length along the axial direction and the radial direction is shown in 
Tables I and II, respectively. 
 
 
b) FLUENT calculations 
 
The total length used was 185.5m, shown in Fig. 1.d. The first 150 meters were used as developing 
region for the airflow.  The next 35.5m section was divided in 21 axial segments identical to those used 
in MULTIFLUX. 
 
Table I. Discretization of the Length along the Axial Direction 
Division Length Division Length 
1 1.865 11 0.1 
2 0.1 12 2.6525 
3 2.6375 13 2.6525 
4 2.6375 14 0.1 
5 0.1 15 2.6375 
6 2.6525 16 2.6375 
7 2.6525 17 0.1 
8 0.1 18 2.6525 
9 1.865 19 2.6525 
10 1.865 20 0.1 
  21 2.785 
 
 
CALCULATION RESULTS 
Case I, Verification 
This case had two conditions: 
a. Inside wall is kept at 50°C, outside wall unheated.  
b. Outside wall is kept at 50°C, inside wall unheated. 
 
Three different heat transport models were used under these conditions: 
– Experimental heat transport coefficient correlations for circular annulus 
– MULTIFLUX Differential Parameter CFD sub-model 
– FLUENT 
 
The results are shown in Fig. 2 a and b. 
 
Case II, Comparison, Constant Temperature 
In this case both the inner and the outer walls were kept at a constant temperature of 50°C. There are 
no experimental data available for this case. The computational results are shown in Fig. 2 c. 
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Case III, Comparison, Varying Temperature 
In this case, both walls are heated and maintained at axially-varying temperatures which were 
determined from a preliminary MULTIFLUX calculation assuming an axially constant value of heat 
transport coefficient of 1.37 W/(m²K) for the inner and outer walls.  The result of heat flux density 
values compares well with the FLUENT results.  The results, however, are not shown here for the sake 
of brevity.  
The run time for variable temperature for first section at the fifth time period using the MULTIFLUX 
Differential Parameter CFD was 14 seconds, with a 1.7 GHz Pentium IV processor.  FLUENT was run 
on a SGI workstation and took about 2 minutes to complete the calculation. 
 
Table II. Discretization of the Distance along the Radial Direction 
Division Length Division Length 
1 0.835 31 0.149293 
2 5.03×10-07 32 0.167838 
3 3.81×10-06 33 0.145884 
4 1.56×10-05 34 0.126157 
5 4.53×10-05 35 0.108504 
6 0.000106 36 0.092772 
7 0.000215 37 0.078817 
8 0.000393 38 0.066499 
9 0.000664 39 0.055686 
10 0.001058 40 0.04625 
11 0.001604 41 0.038067 
12 0.002341 42 0.031023 
13 0.003307 43 0.025005 
14 0.004546 44 0.019909 
15 0.006104 45 0.015636 
16 0.008034 46 0.012091 
17 0.010389 47 0.009187 
18 0.013228 48 0.006842 
19 0.016614 49 0.004977 
20 0.020612 50 0.003523 
21 0.025293 51 0.002415 
22 0.03073 52 0.001592 
23 0.037 53 0.001 
24 0.044184 54 0.000592 
25 0.052368 55 0.000324 
26 0.06164 56 0.00016 
27 0.072093 57 6.82×10-05 
28 0.083822 58 2.35×10-05 
29 0.096929 59 5.73×10-06 
30 0.111516 60 7.58×10-07 
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Case III 
FLUENT 
 
 
Fig. 1 Drift Sections used in cases I-III in MULTIFLUX 
 
 
Application of MULTIFLUX V1.0 differential parameter CFD to ventilation calculation 
 
Four additional cases were prepared to study the effect of the variable heat transfer coefficient on 
the drift wall temperature.  The calculation domain includes a full drift length of 603.5 m.  
Results are presented as a function of both time and position for cases IV-VII.  A non-uniform 
waste package heat load was used in the MULTIFLUX calculations. 
(a) 
(b) 
(c) 
(d) 
1 
150 m unheated 
1 
150 m unheated 
3 0 
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Case IV: In this case, variable heat transfer coefficients, calculated by the differential parameter 
CFD are used. The heat transport coefficient variations are iteratively calculated, over 
time and space for a full drift as a function of inner and outer wall temperatures. The 
corresponding temperature distributions and heat transport coefficients of time and 
position are given in Fig. 3. 
Case V: In this case, constant heat transfer coefficients (inner wall hi=1.84, outer wall ho=1.33), 
obtained from averaging the variable coefficients of Case IV, are applied to ventilation 
calculation. 
Case VI: In this case empirical constant heat transfer coefficients (inner wall hi=1.59, outer wall 
ho=1.15) are used in the ventilation calculation. These coefficients are obtained from an 
empirical heat transfer model specifically developed for turbulent flow in a circular 
annulus with walls kept at a constant temperature, according to Kays and Leung [5]. 
Case VII: In this case, an AMR- equivalent heat transfer coefficient of Dittus and Boetler [6] of 
1.37, based on airflow in equivalent circular duct, is applied to ventilation calculation. 
 
Figure 4 shows the graphical presentation of the results for the 1st and 17th sections for the fifth 
time interval by comparing cases IV through VII. 
 
CONCLUSIONS 
 
Four models are compared to study the effect of heat transport coefficient variability on the drift 
wall temperature distribution.  Case VI may be considered as a reference model since it is 
experimental-empirical and specifically obtained for a circular annulus.  This model gives the 
highest temperatures for the duct wall.  However, the correlation conditions (i.e., the assumption 
of thermally developed flow with constant wall temperatures) are not applied in these cases. 
 
Case VII uses the Dittus-Boelter experimental-empirical model, and it results in similar 
temperatures to those of Case VI.  However, the correlation conditions are violated not only by 
the variable-temperature boundary but also by the geometry which is not a simple circular duct 
but an annulus. 
 
Case IV uses the MULTIFLUX differential parameter CFD results, based on an experimental-
empirical eddy-diffusivity model specifically determined for circular annular duct flow.  The 
CFD model agrees with experimental results published for heat transfer in annular duct flow 
(Case I).  Therefore, variable heat transport coefficients such as those of Case IV are considered 
the most appropriate approach of all cases presented.  This CFD model produces the lowest 
temperature results, which is favorable to ventilation performance. 
 
Case V is closer to Case IV than the other cases.  It is based on using the average of the Case IV 
variable heat transport coefficients, rather than constant values obtained by other means.  
However, the difference between the variable coefficient and constant coefficient results is still 
significant.  This observation quantifies the value of using variable, instead of averaged, heat 
transport coefficients in ventilation calculations. 
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Fig. 2 Comparison of Heat Transport Coefficient variations (a) Heated inner surface and unheated outer wall 
(b) Unheated inner surface and heated outer wall (c) Heated inner and outer wall 
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                                       (a) 
 
         (c) 
 
 
         (b) 
 
         (d) 
 
Fig. 3 Corresponding temperature and heat transport coefficient distributions, (a) temperature 
distribution at the inner wall, (b) , heat transport coefficient on the inner wall, (c) temperature 
distribution at the outer wall and (d) heat transport coefficient on the outer wall.   
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Fig 4 Comparison between the cases IV- VII: (a), first drift section; (b), 17th drift section 
 
(a) 
(b) 
Maximum difference between CaseVI and Case IV: 4.7 °C 
Maximum difference between Case VI and Case V: 2.5 °C 
Maximum difference between Case VI and Case VII: 1.0 °C 
Case IV 
Case V 
Case VI 
Case VII 
Maximum difference between Case VI and Case IV: 7.2 °C 
Maximum difference between Case VI and Case V: 4.7 °C 
Maximum difference between Case VI and Case VII: 2.1 °C 
Case IV 
Case V 
Case VI 
Case VII 
Title: Yucca Mountain Ventilation Studies Support and Associated Code Enhancements 
Final Report Page: 26 of 28 
 
ACKNOWLEDGMENTS 
 
The support of the work by DOE Cooperative Agreement Number DE-FC08-98NV12081 (Task 
20) is acknowledged.  The technical and editorial comments of Dr. James A. Blink, LLNL, are 
gratefully appreciated. 
 
REFERENCES 
 
1. Nitao, J., (2000) , “NUFT Flow and Transport code V3.0s”, Software Configuration 
Management, Yucca Mountain Project – STN: 10088-3.0S-00 Prepared by Lawrence 
Livermore National Laboratory, September 2000. 
2. Danko, G. J. A. Blink and D. Bahrami, (2001). “Ventilation Model Sensitivity to Heat 
Transport in the Emplacement Drift”, 2001 winter meetings, American Nuclear Society, Nov 
11-15, Reno, NV. 
3. FLUENT 5.5, copyright Fluent Inc., Lebanon, NH, 1997. 
4. Buschek, T.A. (2000). Multiscale Thermohydrologic Model (MSTHM), ANL-EBS-MD-
000049-Rev 0, ICN01 CRWMS M&O Publication.  
5. Kays, W. M. and Leung, E. Y., Heat Transfer in Annular Passages: Hydrodynamically 
Developed Turbulent Flow with Arbitrarily Prescribed Heat Flux, Int. J. Heat Mass Transfer, 
Vol. 6 pp. 248-249, 1963. 
6. Dittus F. W., and Boelter, L. M. K., (1930). Univ. Calif, Berkley, publ. Eng., Vol. 2., 1930, 
p.443. 
 
 
Title: Yucca Mountain Ventilation Studies Support and Associated Code Enhancements 
Final Report Page: 27 of 28 
 27 
APPENDIX 3: (Electronic File Attachment) 
 
MULTIFLUX V 2.0 draft CP1 documentation: 
 Software Activity Plan for MULTIFLUX 10485-2.0-00 
 Software Requirement Document 
 Software Installation Test Plan 
 Design Document 
 Software Validation Test Plan 
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APPENDIX 4: (Electronic File Attachment) 
 
MULTIFLUX V2.0/2.3 Source Code Listing.  
 
 
 
